1. Introduction {#sec0005}
===============

As obesity and diabetes become increasingly prevalent around the world, the popularity of dietary strategies to lose weight and regain metabolic health has boomed. Dietary strategies that seek to restrict caloric intake are notoriously unsuccessful, due to both poor long-term compliance and compensatory changes in the metabolism of the dieter that inhibit weight loss. As an alternative, so-called "fad" diets based on the concept that not all calories are equivalent have become increasingly popular. These include high-protein, low carbohydrate diets such as the Atkins or the Paleo diets.

Both prospective and randomized clinical trials have demonstrated that contrary to conventional wisdom, low protein diets enhance metabolic health, promoting leanness, lowering fasting blood glucose levels, and leading to decreased risk of developing diabetes in humans \[[@ref001]\]. Studies of humans also suggest that high protein diets are associated with increased risk of cardiovascular disease, cancer and mortality \[[@ref003]\]. These results are backed up by numerous recent studies demonstrating that consumption of a protein restricted (PR) diet promotes glucose tolerance, insulin sensitivity, and longevity in both rodents and humans \[[@ref001]\].

An unanswered question is how dietary protein source may impact metabolic health. Many health benefits are attributed to plant-based vegetarian or vegan diets \[[@ref009]\]; however, a complicating issue in these studies is that those consuming a vegetarian or vegan diet may also be consuming less overall dietary protein. Further, vegan diets have reduced levels of the essential amino acid methionine, restriction of which promotes health and longevity in rodents \[[@ref012]\]. The evidence that metabolic health is differentially impacted by common natural dietary protein sources is mixed. While a number of studies in humans have concluded that there are no clear differences between animal-based and plant-based diets with respect to metabolic health \[[@ref015]\], other studies suggest that consumption of dairy protein may promote metabolic health \[[@ref017]\].

To help resolve this question, we placed C57BL/6J male mice on either a plant protein-based or a dairy protein-based diet with an equivalent percentage of calories derived from protein, and studied the short-term consequences of these diets on weight, body composition, and control of glucose homeostasis. Here, we find that plant protein-based and dairy protein-based are indistinguishable with respect to these outcomes. We conclude that altering dietary protein source alone, without altering total protein consumption or the specific amino acid composition of the diet, is insufficient to significantly alter metabolic health in a short-term study.

2. Results {#sec0010}
==========

2.1. Glucose homeostasis in mice fed dairy or plant-based diets {#sec0015}
---------------------------------------------------------------

We divided 9 week old C57BL/6J male mice from The Jackson Laboratory equivalently by weight into two different treatment groups. These groups were placed on either a 20% Plant protein-based diet or a 20% Dairy protein-based diet, as in a previous study these two diets showed differential effects on tumor growth in NSG mice \[[@ref018]\]. The precise composition of the diets is provided in [Table 1](#nha-4-nha170025-t001){ref-type="table"}.

###### 

Composition and ingredients of experimental diets

                                   20% plant protein                                  20% dairy protein
  ------------------------------- ------------------- ------------------------------ -------------------
  Formula (g/kg)                                      Formula (g/kg)                 
    Wheat gluten                          110           Casein                               170
    Corn gluten (60%)                     136           Lactalbumin                          44
    Isolated soy protein                  22                                         
    Corn starch                          325.4          Corn starch                         380.1
    Maltodextrin                          100           Maltodextrin                         100
    Sucrose                               150           Sucrose                              150
    Corn oil                              32            Corn oil                             32
    Olive oil                             32            Olive oil                            32
    Cellulose                             50            Cellulose                            50
    ^\*^ Mineral Mix, w/o Ca &P          13.4           ^\*^Mineral Mix, w/o Ca &P          13.4
    Calcium phosphate                     12            Calcium phosphate                     8
    Calcium carbonate                     7.0           Calcium carbonate                   10.3
    ^\*\*^Vitamin Mix, Teklad             10            ^\*\*^Vitamin Mix, Teklad            10
  Diet composition                                    Diet composition               
  Total energy value (kcal/g)             3.7         Total energy value (kcal/g)            3.7
  Carbohydrate (% Kcal)                  62.4         Carbohydrate (% Kcal)                 63.6
  Fat (% kcal)                           17.6         Fat (% kcal)                          16.4
  Protein (% Kcal)                       20.0         Protein (% Kcal)                      20.0
    Leucine (g/kg)                       21.2           Leucine (g/kg)                      18.7
    Isoleucine (g/kg)                     7.9           Isoleucine (g/kg)                   10.1
    Lysine (g/kg)                         3.9           Lysine (g/kg)                       15.7
    Methionine (g/kg)                     4.1           Methionine (g/kg)                    4.9
    Cysteine (g/kg)                       3.0           Cysteine (g/kg)                      2.0
    Arginine (g/kg)                       7.8           Arginine (g/kg)                      6.7
    Phenylalanine (g/kg)                 10.4           Phenylalanine (g/kg)                 8.8
    Tyrosine (g/kg)                       5.0           Tyrosine (g/kg)                      9.2
    Histidine (g/kg)                      4.2           Histidine (g/kg)                     4.9
    Threonine (g/kg)                      5.5           Threonine (g/kg)                     8.4
    Tryptophan (g/kg)                     1.6           Tryptophan (g/kg)                    2.5
    Valine (g/kg)                         8.7           Valine (g/kg)                       11.8

^\*^Mineral Mix, w/o Ca & P (No. 98057), ^\*\*^Vitamin Mix, Teklad (40060).

We placed mice on these diets for 3 weeks, which as we have recently shown, is sufficient to see dramatic improvements in glucose homeostasis when mice are placed on low protein or low branched-chain amino acids diets \[[@ref001]\]. We then analyzed glucose metabolism by conducting glucose, insulin, and pyruvate tolerance tests ([Fig. 1A-1C](#nha-4-nha170025-g001){ref-type="fig"}). Mice consuming dairy protein or plant protein based diets had similar glucose tolerance ([Fig. 1A](#nha-4-nha170025-g001){ref-type="fig"}). During the insulin tolerance test ([Fig. 1B](#nha-4-nha170025-g001){ref-type="fig"}) there was an overall trend (*p* = 0.11) towards increased insulin sensitivity in mice consuming a dairy protein based diet, with a statistically significant difference in blood glucose levels 15 minutes following insulin administration. There were no significant differences during the pyruvate tolerance test ([Fig. 1C](#nha-4-nha170025-g001){ref-type="fig"}).

![Mice consuming plant or dairy protein diets have similar control of blood glucose. (A-C) Glucose (A), insulin (B) and pyruvate (C) tolerance tests on male C57BL/6J mice fed a diet based on 20% Plant protein or 20% Dairy protein for 3, 4 or 5 weeks, respectively (*n* = 9/group; Sidak test following repeated-measures ANOVA, ^\*^ = *p* \< 0.05). Error bars represent SE. (D-F) Mice were fasted overnight and (D) blood glucose and (E) insulin were measured, and (F) the HOMA2-IR was calculated after 6 weeks on the specified diets (*n* = 9/group; two-tailed *t*-test, ^\*^ = *p* \< 0.05). Error bars represent SE.](nha-4-nha170025-g001){#nha-4-nha170025-g001}

In order to learn more about the effects of these diets on glucose metabolism, we collected fasting blood after 6 weeks on the diets in order to determine fasting glucose and insulin levels and to calculate HOMA-IR. Dairy protein-fed mice had a trend (*p* = 0.096) towards increased fasting blood glucose levels ([Fig. 1D](#nha-4-nha170025-g001){ref-type="fig"}), but fasting insulin levels were similar between plant protein and dairy protein-fed mice ([Fig. 1E](#nha-4-nha170025-g001){ref-type="fig"}). We then used the fasted blood glucose and insulin levels to calculate insulin resistance using homeostasis model assessment (HOMA2-IR) \[[@ref019]\]. Although HOMA2-IR is derived empirically from human insulin clamp data, it is an equally useful surrogate measure of insulin resistance in mice \[[@ref020]\]. We found that mice eating plant protein and dairy protein-based diets had similar HOMA2-IR ([Fig. 1F](#nha-4-nha170025-g001){ref-type="fig"}).

2.2. Feeding and body composition of mice on a low protein diet {#sec0020}
---------------------------------------------------------------

We wished to assess the effect of plant protein vs. dairy protein-based diets on body composition. First, we observed no difference in food intake between mice eating either diet ([Fig. 2A](#nha-4-nha170025-g002){ref-type="fig"}). We then assessed weight and body composition over eight weeks using an EchoMRI 3-in-1 body composition analyzer. While we did observe a trend towards increased adiposity in mice consuming a dairy protein-based diet (*p* = 0.11), we observed no statistically significant differences in weight gain, gain of adipose or lean mass, or change in body composition between the groups ([Fig. 2B-D](#nha-4-nha170025-g002){ref-type="fig"}).

![Mice consuming plant or dairy protein diets have similar food consumption, weight gain, and body composition. (A) Food consumption was measured after 2 weeks on either diet. (B) Weight was determined immediately prior to diet start and after 3 and 8 weeks. (C-D) Fat and lean mass (C) and fat and lean fraction (D) were determined immediately prior to diet start and after 3 and 8 weeks. (*n* = 9/group; two-tailed *t*-test, ^\*^ = *p* \< 0.05). Error bars represent SE.](nha-4-nha170025-g002){#nha-4-nha170025-g002}

3. Discussion {#sec0025}
=============

There is a great deal of interest in identifying dietary strategies to promote health. In particular, recent studies have demonstrated that "a calorie is not just a calorie" -- instead, metabolism is influenced by macronutrient composition, and in particular, metabolic health can be improved in both mice and humans by a low protein diet \[[@ref001]\]. An ongoing controversy in the nutrition field has been the effect of dietary protein source -- that is, does protein derived from foods such as dairy have an inherent beneficial or negative impact on health? Here, we examined the effect of dairy protein and plant protein-based diets on the metabolic health of C57BL/6J mice, a model which we and others have previously established shows dramatic improvements in metabolic health following restriction of protein or dietary branched-chain amino acids \[[@ref001]\]. We observed essentially no differences in glycemic control between mice fed plant protein or dairy protein-based diets, and very little in the way of changes in bodycomposition.

One caveat of this study is that the diets used here utilize processed proteins from plant and dairy sources, and other compounds found in raw and unprocessed foods (e.g. phytoestrogens) may play a role in the metabolic response to plant-based and dairy-based diets in humans. A second caveat of this study is its short-term nature; in particular, adiposity might have differed significantly between diet groups had we continued the study for a longer period of time. A longer-term and/or larger study will be needed to determine if plant protein-based or dairy protein-based diets have different effects on adipose mass, and if so, the physiological and molecular basis for these effects, which could include altered lipogenesis or changes in energy balance. Differences in the digestibility of dairy protein-based and plant protein-based diets may contribute to these effects, as recent studies have shown the microbiome is very responsive to intestinal nitrogen levels \[[@ref022]\]. Levels of corn starch also vary between the diets used here, and could potentially also contribute to changes in adiposity.

Importantly, protein quality -- the specific amino acid composition of dietary protein -- can vary significantly based on the source of dietary protein. Vegan diets in particular may have reduced levels of dietary methionine, which has been linked to health, longevity and insulin sensitivity in mouse and rat studies \[[@ref012]\]. Conversely, meat and dairy are good sources of the three branched-chain amino acids, and a number of rodent studies have linked consumption of BCAAs to glucose intolerance and insulin resistance \[[@ref001]\]. However, the amino acid composition of the plant protein and dairy protein-based diets used in this study ([Table 1](#nha-4-nha170025-t001){ref-type="table"}) are very similar with respect to both methionine and BCAA content \[[@ref018]\]. In conclusion, changing dietary protein source alone is unlikely to be an effective short-term intervention to improve metabolic health; more dramatic changes, which significantly alter dietary protein content or the levels of specific essential amino acids such as methionine, will likely be needed to improve metabolichealth.

3.1. Experimental procedures {#sec0030}
----------------------------

Procedures involving animals were approved by the Institutional Animal Care and Use Committees of the University of Wisconsin-Madison and the William S. Middleton Memorial Veterans Hospital (Madison, WI). Male C57BL/6J mice were purchased from The Jackson Laboratory at 8 weeks of age, and mice were placed on sterilized, irradiated diets prepared by Envigo (formerly Harlan Laboratories), Madison, WI, at 9 weeks of age. The composition and ingredients of each diet are shown in [Table 1](#nha-4-nha170025-t001){ref-type="table"} \[[@ref018]\]. Mice were housed three per cage and were allowed *ad libitium* access to food and water, and were maintained on a standard 12 hour day/night cycle at approximately 22°C. Food consumption was measured by measuring the consumption of food over an approximately three day period, and normalizing by the weight of the mice in each cage. Glucose, insulin, and pyruvate tolerance tests were performed by fasting the mice overnight for 16 hours and then injecting either glucose (1 g/kg), insulin (0.75 U/kg), or pyruvate (2 g/kg) intraperitoneally. Glucose measurements were taken using a Bayer Contour blood glucose meter and test strips. Mouse body composition was determined using an EchoMRI 3-in-1 Body Composition Analyzer according to the manufacturer's procedures. Insulin levels were determined by ELISA (Crystal Chem). Statistical analysis was performed using GraphpadPrism.
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